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GSK1322322 is a novel antibacterial agent under development, and it has known antibacterial activities against multidrug-resis-
tant respiratory and skin pathogens through its inhibition of the bacterial peptide deformylase. Here, we used next-generation
sequencing (NGS) of the bacterial 16S rRNA genes from stool samples collected from 61 healthy volunteers at the predosing and
end-of-study time points to determine the effects of GSK1322322 on the gastrointestinal (GI) microbiota in a phase I, random-
ized, double-blind, and placebo-controlled study. GSK1322322 was administered either intravenously (i.v.) only or in an oral-i.v.
combination in single- and repeat-dose-escalation infusions. Analysis of the 16S rRNA sequence data found no significant
changes in the relative abundances of GI operational taxonomic units (OTUs) between the prestudy and end-of-study samples
for either the placebo- or i.v.-only-treated subjects. However, oral-i.v. treatment resulted in significant decreases in some bacte-
rial taxa, the Firmicutes and Bacteroidales, and increases in others, the Betaproteobacteria, Gammaproteobacteria, and Bifido-
bacteriaceae. Microbiome diversity plots clearly differentiated the end-of-study oral-i.v.-dosed samples from all others collected.
The changes in genome function as inferred from species composition suggest an increase in bacterial transporter and xenobi-
otic metabolism pathways in these samples. A phylogenetic analysis of the peptide deformylase protein sequences collected from
the published genomes of clinical isolates previously tested for GSK1322322 in vitro susceptibility and GI bacterial reference
genomes suggests that antibiotic target homology is one of several factors that influences the response of GI microbiota to this
antibiotic. Our study shows that dosing regimen and target class are important factors when considering the impact of antibiotic
usage on GI microbiota. (This clinical trial was registered at the GlaxoSmithKline Clinical Study Register under study identifier
PDF 113376.)

The roles of microbial organisms in human health and well-
being are complex and multifaceted. Maintaining proper sym-

biosis between the human host and our endogenous gastrointes-
tinal (GI) microbial ecosystem, or microbiome, is essential for a
well-functioning immune system and may delay the onset of
many chronic diseases (1, 2). Recently, there has been increased
interest in and concern about the potential damaging effects of
prolonged antibiotic use on the microbiome (3, 4, 5), since oral
dosing can significantly alter gut microbial communities (6, 7).
Human epidemiological studies suggest that long-term intake of
antibiotics is potentially linked with later-life onset of inflamma-
tory bowel diseases (8, 9), asthma (10), and Clostridium difficile
infections (11). Animal studies involving the dosing of different
antibiotics show a potential disruption in intestinal homeostasis
based on changes in the gut microbiota composition and bacterial
metabolites (12, 13). With the increasing global threat of drug-
resistant bacteria, new antibiotics are urgently needed. However,
recent studies suggest that more systematic analyses of the poten-
tial effects of these agents on the human microbiome should be
carried out during drug development.

Community-acquired bacterial pneumonia (CABP) is the
leading cause of infectious death in developed countries, with
mortality rates of 16 to 47% in subjects hospitalized with CABP
who progress to intense care unit (ICU) care (14). GSK1322322 is
a new antibiotic with a novel mechanism of action that is effective
against predominant CABP pathogens, including Streptococcus

pneumoniae, Haemophilus influenzae, Moraxella catarrhalis, My-
coplasma pneumoniae, Chlamydia pneumoniae, Legionella spp.,
methicillin-resistant Staphylococcus aureus (MRSA), and methi-
cillin-susceptible S. aureus (MSSA) (15). As a new synthetic mol-
ecule of the hydrazide class, GSK1322322 is a potent inhibitor of
bacterial peptide deformylase (PDF), a highly conserved and es-
sential bacterial metalloprotease that matures newly synthesized
peptides by N-formyl group cleavage (16, 17). GSK1322322 (500
to 1,500 mg) was shown to be well tolerated in a randomized,
double-blinded, placebo-controlled, six-cohort phase I clinical
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trial with 62 healthy volunteers with repeat oral-intravenous (i.v.)
combination or i.v.-only dosing for 5 to 6 days (18, 19).

Targeted DNA sequencing of the bacterial 16S rRNA gene re-
gions using next-generation sequencing (NGS) platforms, such as
Illumina MiSeq, has been shown to be highly useful for catalogu-
ing microbiome diversity (20, 21). In this study, we report the
results of a microbiome analysis of stool samples taken as an ex-
ploratory research arm of the GSK1322322 dose-ranging phase I
clinical trial in healthy volunteers (18). Fecal samples were col-
lected with consent from all volunteers at the predosing and post-
dosing end-of-study time points. Subsequently, DNA was ex-
tracted, and Illumina MiSeq DNA sequencing analysis of the 16S
rRNA variable region 4 (V4) was performed. The changes in the
microbiome community before and after dosing, as well as across
dosing regimens, were determined.

GSK1322322 has a specific mode of action against a single con-
served target, the PDF protein. There are two distinct yet evolu-
tionarily related classes of PDF protein: class I, which is found in
all Gram-negative bacteria, some Gram-positive bacteria, and eu-
karyotic mitochondria and chloroplast organelles, and class II,
which is found exclusively in Gram-positive bacteria (16, 17).
Given the growing number of bacterial genome sequences, in-
cluding those of human gut microbes (22), and the availability of
extensive GSK1322322 MIC profiling data against bacterial
pathogens (15), we attempted to determine the relationship be-
tween antibacterial target conservation and the observed trends in
microbiome shifts from clinical subjects using molecular evolu-
tionary analyses.

MATERIALS AND METHODS
Clinical study design. The study design and subject population were de-
scribed previously by Naderer et al. (18, 23). Briefly, adults age 18 to 65
years with a body mass index (BMI) of 18.5 to 29.9 kg/m2 and in generally
good health were eligible for enrollment. Female volunteers of non-child-
bearing potential were also eligible. Single-dose oral tablet (500 mg each)
doses of GSK1322322 (for a total of 1,000 or 1,500 mg) were administered
in two cohorts (B and C) to determine absolute bioavailability, mean
absorption time, and systemic exposure of oral tablet administration (Ta-
ble 1). Single-dose escalation of i.v. GSK1322322 from 500 to 3,000 mg
was administered in six cohorts (A1, A2, B, C, D, and E) to determine
tolerability, dose proportionality, urinary excretion, and systemic expo-
sure. The highest dosages, 2,000 mg and 3,000 mg, were administered in
i.v.-only formulations. Repeat-dose escalation of i.v. GSK1322322 from
500 to 1,500 mg was administered in six cohorts (A1, A2, B, C, F1, and F2)
to evaluate tolerability, the accumulation ratio, time invariance, and sys-

temic exposure. In addition, two formulations for i.v. administration of
GSK1322322 were evaluated for safety and tolerability: a free-base formu-
lation (in cohorts A1, A2, B, and C) and a more stable mesylate salt prep-
aration (in cohorts D, E, F1, and F2).

Volunteers were admitted to the study unit the day before drug ad-
ministration and discharged after the study procedures were completed
on day 3, 5, or 7, depending on the cohort. All oral doses were adminis-
tered following an overnight fast of at least 10 h. Standardized meals were
served daily while volunteers were housed within the unit. Each volunteer
provided written informed consent. The study was approved by an insti-
tutional review board (Western International Review Board, Olympia,
WA) and was conducted in accordance with good clinical practice and the
Declaration of Helsinki. Four volunteers withdrew from the study due to
mild adverse events (AEs) (two patients with irritation, one patient
with urticaria at the i.v. infusion site, and one patient with moderate
pruritic rash) (23).

Fecal sample collection and DNA extraction. With the consent of the
subjects, stool samples were collected during this study for measuring the
microbiome. The samples were collected predose and at the end of the
study treatment. The stool samples were collected with a sterile spoon,
transferred into a prelabeled stool collection tube containing 8 ml of stool
DNA stabilizer, mixed by shaking, and then immediately stored frozen at
�20°C prior to shipment. Care was taken to minimize any sample con-
tamination and reduce prolonged exposure to air.

For DNA extraction, the frozen stool samples were completely thawed,
and DNA was isolated from approximately 1.4 ml of each homogenized
sample using the PSP Spin Stool DNA Plus kit (Invitek, Berlin, Germany).
DNA was isolated, as per the manufacturer’s instructions. Each DNA
sample was quantified by spectrophotometry (NanoDrop, ND-1000;
Thermo Scientific, DE, USA) prior to PCR amplification.

PCR amplification and DNA sequencing of bacterial 16S rRNA
genes. Multiplex bar-coded primers were used for paired-end sequencing
of the 16S rRNA variable 4 (V4) region on the Illumina MiSeq platform
(Illumina, San Diego, CA). We used the 16S rRNA V4 region primers
515F (5=-GTGCCAGCMGCCGCGGTAA-3=) and 806R (5=-GGACTAC
HVGGGTWTCTAAT-3=), as recommended by Caporaso et al. (24), for
maximal coverage of bacterial phylogeny. The 16S rRNA gene primers
were combined with the appropriate barcode and linker oligonucleotides.
Illumina amplicon library generation was performed as described previ-
ously (24), except for the additional steps of purification of the PCR prod-
ucts after amplification by AMPure (Beckman Coulter, Brea, CA) and
quantification by spectrophotometry (NanoDrop, ND-1000; Thermo
Scientific, DE), followed by normalization using SequalPrep (Life Tech-
nologies, Carlsbad, CA). The amplified bar-coded DNAs from 119 sam-
ples were then pooled. The samples were controlled for quality and quan-
tity using an Agilent Bioanalyzer (Santa Clara, CA) chip for the absence of
primer-dimers and accurate sizing of product, as well as quantified using

TABLE 1 Overview of dosing regimen and clinical study designa

Period Cohort
No. active/no.
of placebo Dose (mg) protocolb

Infusion duration/
rate (min)

1 A1 4/2 Single dose, 500 i.v. GSK1322322/placebo followed by BID for 4 days 60
A2 4/2 Single dose, 500 i.v. GSK1322322/placebo followed by BID for 4 days 30

2 B 6/2 Initial single dose 1,000 oral GSK1322322/placebo; initial single dose 1,000 i.v. GSK1322322/placebo,
followed by BID for 4 days

60

3 C 18/3 Initial single dose 1,500 oral GSK1322322/placebo; initial single dose 1,500 i.v. GSK1322322/placebo,
followed by BID for 4 days

60

4 D 3/1 Single dose 2,000 i.v. GSK1322322/placebo 60
5 E 3/1 Single dose 3,000 i.v. GSK1322322/placebo 60
6 F1 4/2 1,000 i.v. GSK1322322/placebo BID for 4 days 60

F2 4/2 1,000 i.v. GSK1322322/placebo BID for 4 days 60
a For further details on volunteer demographics, characteristics, and dosing regimen, see Table 1 in Naderer et al. (18).
b i.v., intravenous; BID, two times a day.

GSK1322322 Effects on the Human Microbiome

February 2015 Volume 59 Number 2 aac.asm.org 1183Antimicrobial Agents and Chemotherapy

http://aac.asm.org


quantitative PCR (qPCR) (Kapa Biosystems, Wilmington, MA). The sam-
ples were diluted to a final dilution of 7 pM, combined at a 95:05 ratio with
7 pM of PhiX control, and run on a MiSeq 2 � 150 cycle run. The Illumina
sequencer instrument, reagents (MiSeq reagent kit version 2 300 cycle),
and pooled samples were prepared according to Illumina MiSeq proto-
cols. Data collection and base calling were performed on the MiSeq in-
strument using CASAVA 1.8 (Illumina). After the removal of sequences
that failed the Illumina quality filtering, the reads were converted to
the FASTQ format. Sequence quality using FastQC (http://www
.bioinformatics.babraham.ac.uk/projects/fastqc/) was determined be-
fore and after demultiplexing of the samples.

Microbiome data analysis. Additional quality filtering and analyses of
multiplexed DNA sequencing reads from the forward primer were per-
formed using the software QIIME 1.7 (25). The reads were truncated at
the base preceding the first low-quality stretch, and only reads of �75
bases long were retained. The reads were discarded if the sequence con-
tained one or more ambiguous base calls or if the barcode sequence con-
tained any mismatch errors. PCR chimera filtering was accomplished us-
ing usearch version 6.1 (26). The closed-reference QIIME protocol was
used with the UCLUST method (26) to select operational taxonomic units
(OTUs). The sequences with �97% identity were clustered together. A
representative sequence from each cluster was used to identify the bacte-
rial taxa from the May 2013 edition of the Greengenes 16S rRNA database
(27, 28). OTUs containing fewer than two sequences were discarded, and
sequences with �60% similarity to those in the Greengenes database were
also discarded to remove potential contaminants from the data set.

The OTU table was rarefied to a depth of 33,582 sequences, and the
resultant table was used for diversity analyses, as per the recommended
guidelines. �-Diversity was estimated using the UniFrac metric to calcu-
late the distances between the samples and visualized by principal coor-
dinate analysis (PCoA) (29). Analyses of variance (ANOVAs) of the treat-
ment effects and each OTU category (L2 [phylum] to L7 [OTU]) were
calculated using QIIME 1.7 (25) and custom R scripts.

Potential changes in the microbiome at the functional level were de-
termined using the software PICRUSt (30), with default settings, and the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database release 70.0
(31, 32), and they were visualized using STAMP (33). The human-specific
pathways were removed from the results to focus on true bacterial path-

ways. Bonferroni-corrected P values of �0.05 were used to determine the
statistical significances for all analyses.

Phylogenetic analyses. Phylogenetic reconstruction of the peptide de-
formylase sequences from pathogenic and human intestinal bacterial spe-
cies began with downloading all gastrointestinal bacterial reference ge-
nomes from the NIH Human Microbiome Project (http://www.hmpdacc
.org/) and creating local BLAST databases (34) of bacterial species found
by our 16S rRNA gene sequencing in any subject fecal sample. PDF ho-
mologs in gut microbial genomes were found by text searching the gene
annotations or homology (BLASTp E value � 1.0e�10) to known PDF
query sequences from Escherichia coli strain K-12 and S. aureus strain
Mu50. Further pathogenic and nonpathogenic bacterial PDF sequences
were obtained from NCBI based on the availability of published
GSK1322322 MIC data (15), and a nonredundant sequence FASTA file
was created for multiple-sequence alignment using Clustal W version 1.83
(35). The multiple-sequence alignment was edited manually for a final
alignment of 108 amino acids and 366 OTUs (sequences). Phylogenetic
trees were reconstructed by the distance neighbor-joining (NJ) method
using the program MEGA6 with the JTT model and 1,000 bootstrap rep-
licates (36). All trees were visualized using the program FigTree version
1.4.0 (http://tree.bio.ed.ac.uk/software/figtree).

RESULTS
16S rRNA amplicon DNA sequencing depth and community di-
versity. A total of 119 stool samples from 62 subjects were pro-
cessed for DNA purification, 16S rRNA gene amplification, and
amplicon DNA sequencing. A single oral-i.v. combination-
treated subject (with both prestudy and end-of-study samples col-
lected) was removed because of failed PCR DNA amplification,
leaving 61 subjects and 117 samples. No sample failed DNA se-
quencing, with the fewest reads assigned to any sample being
33,586 and the median being 64,935 reads. After preprocessing,
the entire data set contained 20,744,830 sequences, of which
20,447,605 were assigned to OTUs. A total of 4,662 distinct OTUs
were detected among the 117 samples.

A comparison of �-diversity rarefaction curves (chao1 OTU

FIG 1 �-Diversity rarefaction plots using chao1 measure of within-group diversity. Plots are shown for prestudy (Pre) and end-of-study (End) samples collected
from each of the three treatment groups, placebo, i.v. only, and oral-i.v. dosing. The analysis and figure were generated using the software QIIME version 1.7 (25).
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richness estimation) showed overall high levels of biodiversity for
the samples categorized based on dosing regimen (placebo, oral-
i.v. GSK1322322 combination, and GSK1322322 by i.v. only) and
time of collection (prestudy and end of study) (Fig. 1). The curves
show a plateau trend, suggesting that the depth of coverage was

sufficient to capture most of the OTU proportional abundance.
However, the curves for the samples categorized as oral-i.v. com-
bination GSK1322322 dosing at the end of the study showed
markedly lower chao1 values, reflecting lower OTU richness in
this sample subset.

Pre-Study End-of-Study

%
 A

bu
nd

an
ce

A

B

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

10
2.

PR
E

10
6.

PR
E

11
4.

PR
E

11
8.

PR
E

20
1.

PR
E

20
8.

PR
E

30
4.

PR
E

31
9.

PR
E

33
3.

PR
E

40
3.

PR
E

50
1.

PR
E

80
1.

PR
E

80
6.

PR
E

90
1.

PR
E

90
5.

PR
E

40
1.

PR
E

40
2.

PR
E

40
4.

PR
E

50
2.

PR
E

50
3.

PR
E

50
4.

PR
E

10
2.

EN
D

10
6.

EN
D

11
4.

EN
D

11
8.

EN
D

20
1.

EN
D

20
8.

EN
D

30
4.

EN
D

31
9.

EN
D

33
3.

EN
D

40
3.

EN
D

50
1.

EN
D

80
1.

EN
D

80
6.

EN
D

90
1.

EN
D

90
5.

EN
D

40
1.

EN
D

40
2.

EN
D

40
4.

EN
D

50
2.

EN
D

50
3.

EN
D

50
4.

EN
D

[Thermi];Deinococci

Verrucomicrobia;Verrucomicrobiae

Verrucomicrobia;Opitutae

Tenericutes;RF3

Tenericutes;Mollicutes

TM7;TM7-3

TM7; 

Synergistetes;Synergis�a

Spirochaetes;Spirochaetes

Proteobacteria;Gammaproteobacteria

Proteobacteria;Epsilonproteobacteria

Proteobacteria;Deltaproteobacteria

Proteobacteria;Betaproteobacteria

Proteobacteria;Alphaproteobacteria

MVP-21; 

Len�sphaerae;[Len�sphaeria]

Fusobacteria;Fusobacteriia

Firmicutes;Erysipelotrichi

Firmicutes;Clostridia

Firmicutes;Bacilli

Deferribacteres;Deferribacteres

Cyanobacteria;Chloroplast

Cyanobacteria;4C0d-2

Bacteroidetes;[Saprospirae]

Bacteroidetes;Sphingobacteriia

Bacteroidetes;Flavobacteriia

Bacteroidetes;Bacteroidia

Ac�nobacteria;Coriobacteriia

Ac�nobacteria;Ac�nobacteria

Euryarchaeota;Thermoplasmata

Euryarchaeota;Methanobacteria

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

10
1.

PR
E

10
3.

PR
E

10
4.

PR
E

10
5.

PR
E

11
3.

PR
E

11
5.

PR
E

11
6.

PR
E

11
7.

PR
E

20
2.

PR
E

20
3.

PR
E

20
4.

PR
E

20
5.

PR
E

20
6.

PR
E

20
7.

PR
E

30
1.

PR
E

30
2.

PR
E

30
3.

PR
E

30
5.

PR
E

30
6.

PR
E

30
7.

PR
E

31
5.

PR
E

31
6.

PR
E

31
7.

PR
E

31
8.

PR
E

32
0.

PR
E

32
1.

PR
E

32
9.

PR
E

33
0.

PR
E

33
1.

PR
E

33
2.

PR
E

33
4.

PR
E

33
5.

PR
E

33
6.

PR
E

80
2.

PR
E

80
3.

PR
E

80
4.

PR
E

80
5.

PR
E

90
2.

PR
E

90
3.

PR
E

90
6.

PR
E

10
1.

EN
D

10
3.

EN
D

10
4.

EN
D

10
5.

EN
D

11
3.

EN
D

11
5.

EN
D

11
6.

EN
D

11
7.

EN
D

20
2.

EN
D

20
3.

EN
D

20
5.

EN
D

20
6.

EN
D

30
1.

EN
D

30
2.

EN
D

30
3.

EN
D

30
5.

EN
D

30
6.

EN
D

30
7.

EN
D

31
5.

EN
D

31
6.

EN
D

31
7.

EN
D

31
8.

EN
D

32
0.

EN
D

32
1.

EN
D

32
9.

EN
D

33
0.

EN
D

33
2.

EN
D

33
4.

EN
D

33
6.

EN
D

80
3.

EN
D

80
4.

EN
D

80
5.

EN
D

90
2.

EN
D

90
3.

EN
D

90
6.

EN
D

FIG 2 Histogram of proportional changes in bacterial OTU abundance at the class level. The samples are arranged in matched order for prestudy and
end-of-study samples from the same subject for placebo and i.v.-only dosing (A) and oral-i.v. dosing regimens (B). The analyses and figures were generated using
the software QIIME version 1.7 (25).
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Using ANOVAs with multiple test corrections, we evaluated
the potential occurrences of relative abundances with the available
subject metadata variables, which included subject identifier, gen-
der, age, body mass index (BMI), dosing levels (in mg), treatment
(placebo, i.v. only, or oral-i.v. combination), and minor diarrhea
adverse events (GSK1322322 was well tolerated, and no subjects
withdrew from the study due to severe adverse events [18, 23]).
No significant differences in the bacterial relative abundances at
any OTU level (L2 through L7) were found for the subject vari-
ables of age, gender, BMI, adverse events, or subject identifier.
Comparisons of prestudy versus end-of-study distributions of
bacterial relative abundances at all OTU levels showed no signifi-
cant differences among the subjects receiving the placebo or i.v.-
only dosing regimens (Fig. 2A). However, in similar comparisons
between prestudy versus the end of the study, sample plots of
relative bacterial taxon abundance show that several OTUs were
markedly changed for subjects receiving oral-i.v. combination
regimens (Fig. 2B). ANOVAs with Bonferroni’s correction for
multiple tests revealed significant (P value � 0.05) increases and
decreases in specific OTUs (Table 2). The bacterial families show-
ing significant decreases in relative abundances include various
members of the phyla Firmicutes, such as Ruminococcaceae, Lach-
nospiraceae, and other Clostridiales families. In addition, various
Bacteroidales families were reduced. Some specific species identi-
fied as having decreases in relative abundances were Faecalibacte-
rium prausnitzii, Parabacteroides distasonis, Bacteroides uniformis,
and Blautia obeum. Other OTUs increased under oral-i.v.
GSK1322322 treatment, which included members of the Betapro-
teobacteria (Sutterella spp.), Gammaproteobacteria (Enterobacter
spp.), and Bifidobacteriaceae. Of the Bifidobacteriaceae, some spe-
cific species identified were Bifidobacterium pseudolongum and Bi-
fidobacterium adolescentis.

We assessed the overall differences between the bacterial com-
munities of the samples, as partitioned by all available metadata

variables (i.e., age, gender, BMI, subject identifier, adverse events,
dose level, and treatment) using �-diversity indices calculated for
unweighted UniFrac measures of OTU phylogenetic distance
(37). Principal coordinate analysis (PCoA) plots of �-diversity
indices revealed that the clearest separation of bacterial commu-
nities occurred for either dosing regimen (mg) or treatment (i.e.,
oral-i.v., i.v. only, and placebo). Here, the end-of-study samples
from the subjects receiving the oral-i.v. dosing regimen formed a
well-separated cluster from all the prestudy samples, regardless of
treatment, as well as end-of-study samples from either the placebo
or i.v.-only-treated subjects (Fig. 3A and B).

Functional and phylogenomic analyses. We looked for po-
tential functional changes in oral-i.v.-dosed bacterial communi-
ties by comparing prestudy to end-of-study matched samples us-
ing the software PICRUSt (30), which uses 16S rRNA sequence
profiles to estimate metagenomic content based on reference bac-
terial genomes and the KEGG pathway database (32). The most
significant increased pathway representations in the end-of-study
samples were membrane transport, which includes multidrug
transporters, xenobiotic metabolism and degradation, and signal
transduction (Fig. 4). The pathways with decreased presence in
the samples were metabolism of terpenoids and polyketides, pro-
tein folding, sorting and degradation, and metabolism of cofactors
and vitamins.

We also reconstructed a composite phylogenetic tree of publi-
cally available PDF amino acid sequences from the gut microbiota
detected in our study, along with PDF proteins from bacterial
pathogens for which we had available MIC (micrograms per mil-
liliter) in vitro data (15) (Fig. 5). Many bacterial genomes contain
two or more PDF-encoding genes (16). However, in most bacte-
rial pathogens, only the pdfA gene is essential for growth, and
other gene copies are nonredundant and cannot compensate for a
loss of pdfA function (17). Whenever possible, we edited our final
multiple-sequence alignment to known pdfA homologs, although

TABLE 2 Significantly changed gut bacterial operational taxonomic units in subjects receiving oral-i.v.-administered GSK1322322 in prestudy
versus end-of-study comparisons

Operational taxonomic unitsa

Mean proportional
abundance

Percent
change P valuebPrestudy End of study

Firmicutes; Clostridia; Clostridiales; Ruminococcaceae; Faecalibacterium prausnitzii 0.050749 0.002567 �4.82 1.2582E�09
Firmicutes; Clostridia; Clostridiales; Ruminococcaceae 0.113500 0.035066 �7.85 7.5614E�07
Bacteroidetes; Bacteroidia; Bacteroidales[Odoribacteraceae]; Odoribacter 0.003950 0.000007 �0.4 8.4503E�07
Firmicutes; Clostridia; Clostridiales; Ruminococcaceae; Faecalibacterium 0.000044 0.000002 �0.01 2.2920E�05
Bacteroidetes; Bacteroidia; Bacteroidales; Porphyromonadaceae; Parabacteroides distasonis 0.008073 0.000515 �0.76 3.5451E�05
Firmicutes; Clostridia; Clostridiales; Lachnospiraceae; Blautia 0.004165 0.001283 �0.29 6.6706E�05
Proteobacteria; Betaproteobacteria; Burkholderiales; Alcaligenaceae; Sutterella 0.022233 0.116435 �9.43 2.4570E�04
Actinobacteria; Actinobacteria; Bifidobacteriales; Bifidobacteriaceae; Bifidobacterium pseudolongum 0.000253 0.001713 �0.15 3.9237E�04
Actinobacteria; Actinobacteria; Bifidobacteriales; Bifidobacteriaceae; Bifidobacterium adolescentis 0.008518 0.084296 �7.58 1.1377E�03
Bacteroidetes; Bacteroidia; Bacteroidales[Barnesiellaceae] 0.013507 0.000128 �1.34 1.3239E�03
Firmicutes; Clostridia; Clostridiales[Mogibacteriaceae] 0.000516 0.000086 �0.05 1.6670E�03
Firmicutes; Clostridia; Clostridiales; Lachnospiraceae 0.053939 0.130409 �7.65 3.0110E�03
Actinobacteria; Actinobacteria; Bifidobacteriales; Bifidobacteriaceae; Bifidobacterium 0.001409 0.065791 �6.44 6.4763E�03
Bacteroidetes; Bacteroidia; Bacteroidales[Odoribacteraceae]; Butyricimonas 0.002951 0.000330 �0.27 2.0858E�02
Proteobacteria; Gammaproteobacteria; Enterobacteriales; Enterobacteriaceae 0.000889 0.074874 �7.4 2.5116E�02
Bacteroidetes; Bacteroidia; Bacteroidales; Bacteroidaceae; Bacteroides uniformis 0.049349 0.008082 �4.13 2.5985E�02
Firmicutes; Clostridia; Clostridiales; Lachnospiraceae; Anaerostipes 0.000668 0.000074 �0.06 4.1837E�02
Firmicutes; Clostridia; Clostridiales; Lachnospiraceae; Blautia obeum 0.000066 0.000010 �0.01 4.6599E�02
a OTU determination at the L7 level in QIIME, as described in Materials and Methods.
b Bonferroni-corrected P values for multiple tests.
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this was not comprehensive, since multicopy pdf genes from most
gut bacteria have not been fully annotated; thus, some species
appear more than once in the tree. While we used the closed-
reference method in QIIME for OTU identification against 16S
rRNA sequences with known species associations, only a subset of
those OTUs have corresponding complete reference genome se-
quences for obtaining their PDF proteins. Our final edited align-
ment of PDF proteins was 108 amino acids in length and con-
tained a total of 366 sequences, of which 41 were from bacterial

pathogens associated with known MIC data for GSK1322322, and
the remainder were from gut bacterial reference genomes.

In the phylogenetic tree, there were several clades in which
pathogenic bacterial susceptibility (MIC � 8.0 �g/ml) to
GSK1322322 and gut bacterial species abundances showed similar
trends. For example, several Proteobacteria species, such as those
belonging to Enterobacter, had low in vitro susceptibilities to
GSK1322322 and also showed increases in their relative abun-
dances in the end-of-study samples from oral-i.v.-dosed subjects

Legend

Oral_IV Pre

Oral_IV End

IV_Only Pre

IV_Only End

Placebo Pre

Placebo End

Legend

0 mg (pre-study & placebos)

500 mg (Oral/IV)

1000 mg (Oral/IV)

1500 mg (Oral/IV)

2000 mg (IV-only)

3000 mg (IV-only)

B

A

FIG 3 Principal coordinate analysis (PCoA) plots of �-diversity measures of between-group microbiota community diversity based on treatment (placebo, i.v.
only, and oral-i.v.) and sample collection time (prestudy or end of study) (A) and dosage (B). Note that highest two doses were administered by i.v. only. The
analysis and figure were generated using the software QIIME version 1.7 (25).
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(Fig. 5). Conversely, in vitro MIC testing revealed Prevotella spe-
cies to be susceptible to GSK1322322 (MIC � 8.0), and this group
also had similar decreases in oral-i.v.-dosed subjects. Many di-
verse groups of bacteria for which there were no closely related
PDF homologs from the tested bacterial pathogens showed signif-
icant increases or decreases in relative abundances. Moreover,
most of the bacterial OTUs represented in the phylogenetic anal-
yses appeared to be unaffected by GSK1322322 administration,
despite the universal presence of the PDF protein-coding genes in
their genomes.

DISCUSSION

In this study, we evaluated the effects of a novel antibacterial drug,
GSK1322322, on the human gut microbiota in a randomized
dose-escalating phase I clinical trial with matched placebo con-
trols in healthy volunteers. Our study adds to the growing body of
literature on the potential short- and long-term effects of antibi-
otics on the gut microbiome in several important ways. First, our
longitudinal interventional study design with matching prestudy
and end-of-study samples from the same subjects on oral-i.v.,
i.v.-only, and placebo dosing regimens allowed us to evaluate the
potential effects of GSK1322322 on the microbiome in terms of
changes within individuals as well as by the drug delivery method.
Previous studies on the effects of antibiotics on human microbiota
have compared population cohorts delineated by treatment or
nontreatment, which, although informative, can be confounded
by interindividual variation in personal microbiome composi-
tions (38). Other reports of the longitudinal monitoring of micro-
biome changes over time under antibiotic treatment have been
limited to much smaller numbers of human subjects than those
used in our study (39).

Second, GSK1322322 is a new generation of antibiotics with a
very specific mechanism of action and a known bacterial target,
peptide deformylase (PDF), which is essential for bacterial sur-
vival and proliferation (40). Additional insights are gained from
the fact that PDF is an unexploited bacterial target, and there has
been little clinical exposure to PDF inhibitors (41). Therefore, we

were able to evaluate the effects of GSK1322322 on the microbiota
in terms of the potential variation in the target sequence and path-
ways across bacterial taxa without the confounding effects of se-
lection for resistance due to the historical clinical usage of this
class of drugs.

We found the most significant effect on microbiota was the
method of drug administration. No significant differences in rel-
ative bacterial abundances were observed for either the placebo-
or i.v.-only-treated subjects. However, significant changes in rel-
ative bacterial abundances and distinct �-diversity clustering were
found for the oral-i.v. combination treatment. Absolute bacterial
abundance cannot be determined by 16S rRNA amplicon se-
quencing, given the efforts to normalize the sample DNA amounts
required for NGS. Assays of select bacterial species using gene-
specific quantitative PCR (qPCR) reactions would be required to
determine absolute bacterial abundance (which was not per-
formed as part of this study). However, it is known that the use of
antibiotics with bioavailability in the intestine will result in lower
bacterial cell counts, depending on the type of drug, its dosage,
and level of exposure (42). For GSK1322322, the absolute bio-
availabilities of the current tablet formulation were 69% and 56%
at 1,000 mg and 1,500 mg, respectively, under fasted conditions
(18, 23). Comparisons of the �-rarefaction curves (Fig. 2) show a
much lower bacterial diversity in the end-of-study samples from
oral-i.v.-dosed subjects than those dosed with i.v. only, which sug-
gests that GSK1322322 taken orally does have certain antibacterial
activity in the gut. However, systemic levels of i.v.-only-adminis-
tered GSK1322322 have no significant impact on the gut micro-
biome, similar to the results seen in placebo-treated subjects.

In the growing discourse over the potentially negative effects of
long-term antibiotic exposure on beneficial microbes in our GI
tract, it is important to consider the route of drug administration
into the human body (3). To our knowledge, there have not been
similar comparative studies in humans on the effects on the gut
microbiome of an antibiotic when administered by different
modes. Zhang et al. (43) inoculated mice with antibiotic-resistant

FIG 4 Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) predictions of the functional composition of oral-i.v.
prestudy (blue bars) and end-of-study (green bars) metagenome using 16S rRNA gene data and a database of reference genomes (30). The KEGG database (31)
functional categories are shown with the displayed histograms and P value determinations, as calculated by the STAMP software (33).
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tet(M)-carrying Enterobacter spp. or blaCMY-2-carrying E. coli and
then administered different doses of either tetracycline hydro-
chloride or ampicillin by oral and i.v. routes. They found that mice
receiving orally administered antibiotics had significantly higher
levels of antibiotic-resistant bacterial strains, while i.v.-treated an-
imals had negligible changes. These differences might be due to

renal versus gastrointestinal tract secretion of i.v. and orally ad-
ministered antibiotics, respectively. The greatest current medical
need for new antibiotics is to treat emerging drug-resistant bacte-
rial strains in hospitalized critical care patients. In this patient
population, i.v. administration is the most likely delivery route for
these future drugs, which will potentially minimize their impact
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on the GI microbiome and mitigate any selection pressure favor-
ing the propagation of antibiotic resistance genes.

Oral-i.v.-administered GSK1322322 did produce some sig-
nificant changes in the gut microbial ecosystems of those sub-
jects, as evidenced from the overall distinct clustering of the
�-diversity measures in the PCoA plots (Fig. 3), as well as the
ANOVAs of the relative abundances of OTUs (Table 2). The
bacterial families showing significant decreases in relative
abundances include various members of the phylum Firmicutes,
such as Ruminococcaceae, Lachnospiraceae, and other Clostridiales
families , which correlates with the antibacterial activity of
GSK1322322 against Gram-positive (Firmicutes) bacterial patho-
gens, such as S. aureus and S. pneumoniae. Bacteroidales were also
reduced in our analysis. Some specific species identified as show-
ing decreases in relative abundances were F. prausnitzii, P. dista-
sonis, B. uniformis, and B. obeum. Other OTUs that increased un-
der oral-i.v. GSK1322322 dosing included members of the
Betaproteobacteria (Sutterella spp.), Gammaproteobacteria (En-
terobacter spp.), and Bifidobacteriaceae (the species B. pseudo-
longum, B. adolescentis, and others).

Whether or not GSK1322322 has a negative, neutral, or posi-
tive effect on gut microbiota communities is difficult to assess,
mainly because our knowledge of the interplay between specific
GI tract bacterial species and human health is still evolving. For
example, F. prausnitzii has been perceived to have a protective role
in the gut and in minimizing the effects of Crohn’s disease (44);
however, recent clinical studies have questioned the causative as-
sociation of this species with disease improvement (45). Bacte-
roides spp., such as B. fragilis, have been shown to produce poly-
saccharides that have beneficial immunomodulatory effects (46),
while others, such as P. distasonis, can be carriers of multidrug
resistance loci (47). Proteobacterial species, including Enterobac-
ter spp., have been associated with instigating proinflammatory
cascades leading to various disease pathologies (as reviewed in
reference 48). Conversely, Bifidobacterium spp. have potential im-
munomodulatory properties, and several strains are actively being
developed as probiotics (49). Regardless, GSK1322322 was well
tolerated in this phase I clinical trial subject group, and gastroin-
testinal AEs, as monitored, were uncommon and did not prevent
volunteers from completing the dosing regimen (18, 23).

GSK1322322 engages a highly specific target found in all bac-
terial species, namely, PDF, although the compound is not uni-
versal in its bactericidal effects (15). Our phylogenomic analysis
shows that the spectrum of susceptibility to GSK1322322 among
gastrointestinal tract microbiota can be partially explained or pre-
dicted from in vitro MIC data from bacterial pathogens. For ex-
ample, Enterobacter spp. increase in the oral-i.v. end-of-study
samples correlated with the lower susceptibility of Enterobacter
spp. and other Gram negatives with closely related PDF proteins,
as measured in vitro. However, many species were unaffected in
terms of relative abundance, while others increased or decreased.
In part, the distribution might be based on the divergence of the
targeted PDF amino acid sequences, as well as species-specific dif-
ferences in cell wall permeability, unknown intrinsic resistance
mechanisms, or microenvironment exposure to the compound.

The functional analyses summarized in Fig. 4 suggest that the
greatest changes occurred in pathways potentially involving resis-
tance mechanisms, such as efflux pumps, xenobiotic (antibiotic)
metabolism, and adaptive resistance via lowering of the growth
rate (i.e., slowing of metabolic pathways and DNA repair) (re-

viewed in references 50, 51, and 52). However, our functional
analyses are highly provisional, insofar as the computational
method employed by PICRUSt infers metagenomic content indi-
rectly based on computed linkages between 16S rRNA gene signa-
tures and reference bacterial genomes (30). Direct metagenomic
DNA sequencing will be required to substantiate the inferences of
the genomic potential of the microbiome made here in this study.

The concurrent increase in some bacterial groups with the de-
crease of others for the end-of-study oral-i.v. dosing regimen of
GSK1322322 potentially reflects dynamic changes in the gastroin-
testinal tract microbial ecosystem caused by antibiotic exposure.
Dethlefsen and Relman (39) characterized the microbiome from
three volunteers taking two courses of the antibiotic ciprofloxacin
for 10 months and found profound shifts in the overall gut micro-
bial ecosystem, reflecting potential niche replacement of one bac-
terial species or group by another. Similar to terrestrial and
aquatic ecosystems, certain bacterial species might have more
prominent roles in shaping the overall composition of the micro-
biome and be potential “keystone” species; alterations of their
abundances might lead to new niches being available for exploita-
tion by lower-abundance species that might be from the same or
different taxonomic groups (53, 54). We can only speculate that
some of the dynamic changes in bacterial species abundances in-
duced by oral-i.v. GSK1322322 dosing regimens might reflect a
disruption in interspecies interactions. While beyond the scope of
the present study, it would also be interesting to monitor how the
observed changes in bacterial species are reversible over time, es-
pecially the resilience of the microbiome to return to its predosing
state.

Our study shows specific changes in the microbiome associ-
ated with the novel antibacterial compound GSK1322322. Impor-
tantly, the effects are mitigated by the drug delivery method, and
no significant changes in the relative abundances of any bacterial
taxa were observed for subjects treated with the i.v.-only dosing
regimen. Dosing with an oral component did result in significant
changes in some bacterial taxa and shifted overall bacterial com-
munity diversity measures away from those of samples taken from
subjects either prestudy for placebo, i.v.-only, and oral-i.v. dosing
or at the end of the study for placebo and i.v.-only dosing. How-
ever, while the changes in the microbiota were subtle, the differ-
ences were significant and specific to particular bacterial groups.
Future microbiome analyses involving different antibiotics in
clinical trials will be valuable for understanding potential interac-
tions between antibiotics and human gastrointestinal microbial
communities.
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